Objective. In mouse, PGC1-α overexpression in muscle stimulates an increase in expression of FNDC5, a membrane protein that is cleaved and secreted as a newly identified hormone, irisin. One prior study has shown that FNDC5 induces browning of subcutaneous fat in mice and mediates beneficial effects of exercise on metabolism, but a more recent study using gene expression arrays failed to detect a robust increase in FNDC5 mRNA in human muscles from exercising subjects. No prior study has reported on the physiological regulation and role of circulating irisin and FNDC5 in humans.
Introduction
Obesity has reached epidemic proportions; more than two thirds of Americans are overweight (Body mass index (BMI)>25 kg/m 2 ) and one third are obese (BMI>30 kg/m 2 ) [1] . Sedentary lifestyle and lack of exercise are considered as the main causative factors for obesity and obesity-induced metabolic disorders such as chronic inflammation, certain malignancies, type 2 diabetes, and cardiovascular diseases [2, 3] . Therefore, the well-recognized beneficial effects of exercise on metabolism are being investigated intensively at both molecular and clinical levels [4, 5] .
In this context, the muscle tissue has recently been recognized as an endocrine organ that releases a variety of cytokines, termed myokines, which regulate several physiological and metabolic pathways [6] . Discovery of myokines has emphasized the role of muscle as a source of hormones that communicate information and interact with other tissues, including fat, liver, and pancreas, to alter metabolism [7] [8] [9] .
Irisin is a novel hormone secreted by myocytes that has been proposed to mediate the beneficial effects of exercise on metabolism [10] . Regulated by PPARγ coactivator 1 alpha (PGC1-α), this newly identified myokine is proteolytically processed from the product of the FNDC5 gene prior to being released into the circulation. FNDC5 has been proposed to induce browning of subcutaneous adipocytes and thermogenesis by increasing uncoupling protein 1 (UCP1) levels, both in culture and in mouse models [10] . Use of adenoviral vectors to express full-length FNDC5 resulted in a 15-fold increase in liver FNDC5 mRNA and 3-4 fold increase in plasma levels of irisin [10] , which led to improvement in glucose tolerance of mice fed a high-fat diet. Taken that formation of "beige/brite fat" has been shown to exert anti-obesity, anti-diabetic effects in murine models [11] as well as humans [12] , irisin administration has been proposed to be a potentially attractive future therapeutic target for metabolic disorders.
Irisin is highly conserved among species, with mouse and human irisin being 100% identical, supporting the notion for having a highly conserved function in humans; this remains to be shown. In contrast to the increase in human plasma irisin levels measured by western blotting after 10 weeks of endurance exercise training [10] , Timmons et al., using gene expression arrays, failed to detect a robust and consistent increase in FNDC5 mRNA in human muscle biopsies from exercising subjects [13] . No previous study has examined whether extracellular FNDC5 is detectable in the circulation, and no prior study has quantitated circulating irisin using ELISAs or RIAs to report on the regulation and/or the physiological role of irisin in humans. To gain insights on the role of irisin in humans, we examined its associations with various parameters, especially metabolic markers of obesity and adiposity, by conducting cross-sectional as well as interventional studies in humans. In particular, after examining the expression of FNDC5 gene in various human tissues at the molecular level, we assessed potential correlations of irisin with anthropometric and metabolic parameters in middle-aged women with a wide range of BMI. We then evaluated the response of irisin to acute and chronic exercise in moderately trained young lean subjects and the response to weight loss in morbidly obese men and women.
2.
Research design and methods
Molecular analysis

Tissue distribution of irisin using tissue arrays
FNDC5 gene expression in human tissues were examined using TissueScan qPCR Arrays (OriGene, Rockville, MD). Briefly, TaqMan Gene Expression Assay primer mix and TaqMan PCR Master Mix (Applied Biosystems, Foster City, CA) were added to wells containing equal amounts of cDNA from human tissues. mRNA expression was measured by realtime PCR using the comparative C T method (ABI7500 FAST, Applied Biosystems). Data were normalized to β-actin (id: Hs99999903_m1) in each reaction.
Gene expression analysis in human muscle samples
Total RNA was extracted from human muscles using Trizol (Invitrogen, Carlsbad, CA) according to a standard protocol. , mean±SD), were collected as previously described [14] . The study was approved by the Ethics Committee at Harokopio University in Athens, Greece, and the Institutional Review Board of Beth Israel Deaconess Medical Center, Boston, MA. All subjects gave written informed consent before taking part in the study. Subjects completed a questionnaire on general health status, smoking habits, and current medications, as previously described [14] . Both extracellular FNDC5 and irisin levels were measured to determine their correlations with anthropometric and metabolic characteristics.
Interventional study of morbidly obese subjects undergoing bariatric surgery for weight loss
Fourteen subjects (age 53.1±8.9 years, BMI 50.2±10.6 kg/m 2 ) undergoing either laparoscopic adjustable gastric banding (n=9) or Roux-en-Y gastric bypass surgery (n=5) were recruited to this prospective study after they were approved for bariatric surgery. All subjects gave written informed consent before taking part in the study. All participants were pre-screened at Beth Israel Deaconess Medical Center (BIDMC), Boston, MA to qualify for the study. Subjects were examined at baseline and 6 months post-operatively at BIDMC General Clinical Research Center. Blood samples were collected at each visit after an overnight fasting. Anthropometric and body composition measurements were performed using bioelectrical impedance analysis before surgery and 6 months post-operatively. Eight out of the fourteen subjects consented to undergo a left or right thigh biopsy during the baseline and 6-month visit. The biopsy was performed under local anesthesia by a general surgeon. Thigh skeletal muscle tissues were obtained using a biopsy needle and snap frozen until analyzed.
2.2.3. Effect of acute and chronic exercise on serum FNDC5 and irisin levels in young healthy subjects Fifteen young, moderately trained, healthy males (age 20.5± 1.5 years, BMI 21.9±1.6 kg/m 2 ) were assigned to an 8-week long training program involving 3 training sessions per week, as previously described [15] . Briefly, the training included 2 or 3 sets of runs on an indoor track with two 80-m sprint runs in each set. There was a resting period of 20 min between sets. During the 1st (week 1) and 24th training sessions (week 8), biopsy from the vastus lateralis muscle was performed before and after the first set, and blood samples were obtained before and 30 min after the completion of the exercise protocol. Irisin and FNDC5 levels were assayed in serum, and metabolite contents were examined in muscle.
Effect of a mixed meal on irisin levels
A subgroup of 6 non-diabetic subjects undergoing bariatric surgery completed a 3 hr mixed nutrient stimulation study during their screening visit (mixed meal contained 246 kcal; 6 g fat; 33 g carbohydrate; 15 g protein). Blood samples were collected from a forearm intravenous catheter at 6 time points (baseline, 30, 60, 90, 120, and 180 min) after food intake to evaluate the effect of food on FNDC5 or irisin levels.
2.3.
Hormonal analysis
Evaluation of the FNDC5 and irisin assays
Commercially available irisin and soluble (extracellular) FNDC5 enzyme-linked immunosorbent assays (Aviscera Biosciences, Santa Clara, CA) were evaluated before analyzing the clinical samples. Linearity of serial dilutions (1, 1/2, 1/4, 1/8) of both plasma and serum from males and females was tested. The effect of repeated freeze/thaw cycles (0, 2, 4, 8) on concentration and the cross-reactivity between the two assays was also evaluated. The possibility of a "hook effect" was tested in samples with low levels of FNDC5 using serial dilutions (1/10, 1/100, 1/1000).
Other hormonal measurements
Healthy middle-aged women study: Leptin, cortisol, testosterone and estradiol levels, as well as lipid profiles, in the cross-sectional study were measured as previously described [14] . 3.
Results
Distribution of FNDC5 mRNA in human tissues
To examine the tissue distribution of irisin in humans, we conducted a quantitative real-time PCR in 47 different human tissues ( Fig. 1) . As previously reported, FNDC5 mRNA was expressed in high levels in muscles. FNDC5 was also highly expressed in other organs that may contain muscle such as the pericardium and rectum. FNDC5 mRNA was moderately expressed in the heart. Lower expression levels were detected in other major organs, such as kidney, liver, lung, and adipose tissue, as compared to muscle, confirming the role of irisin as a myokine. 
3.2.
Predictors of FNDC5 mRNA expression in human muscle FNDC5 mRNA expression was measured in muscle samples from 18 subjects (10 obtained from the tissue network of NIH and 8 from subjects undergoing bariatric surgery studied at baseline). Bivariate regression analysis revealed that muscle FNDC5 mRNA expression was positively correlated with BMI but, despite a clear trend, it was not significantly associated with age, probably due to the small sample size ( Fig. 2A and B) . As expected, FNDC5 gene expression was positively and strongly correlated with the expression of PGC1-α (Fig. 2C) , which was shown to be the main inducer of irisin in mice [10] . PPARγ mRNA levels were also moderately correlated with FNDC5 mRNA levels (Fig. 2D ).
Evaluation of FNDC5 and irisin assays
To examine the physiology of circulating irisin in humans, we first evaluated several commercially available assay kits. The FNDC5 (extracellular domain molecule: epitope 16-136) and the irisin kits by Aviscera proved to be the most reliable ones.
Results from the irisin assay evaluation showed that serum and plasma concentrations of irisin are relatively similar (data not shown). Multiple freezing and thawing of the samples did not cause any significant changes in the irisin levels. Assessment of linearity in serum and plasma irisin levels revealed a 124% recovery for the 1/2 dilution, and higher recovery (up to 213%) in the 1/4 and 1/8 dilutions. The sensitivity of the assay was 0.2 ng/ml and the linear range of the standard was 5 to 500 ng/ml. Results from the mixed-meal tolerance test showed that irisin levels were not affected by food intake (p=0.6). FNDC5 assay evaluation in normal serum and plasma revealed that FNDC5 levels were either very low (in a distinct minority of subjects: 1-20 ng/ml) or undetected. The sensitivity of the assay was 0.3 ng/ml and the linear range of the standard was 10 to 1000 ng/ml. Reanalyzing with 1/10-, 1/100-, and 1/1000-diluted samples confirmed that there was no hook effect. Cross-reactivity with irisin in the FNDC5 kit was 10%-25%, suggesting that the very low levels of FNDC5, where detected, could be due to cross-reactivity with irisin. In contrast to other clinical subjects in this study with low levels of soluble FNDC5, a subpopulation of young athletes showed very high levels of FNDC5 in circulation (over 1000 ng/ml), which might have resulted from exercise-induced muscle damage, a hypothesis that needs to be tested in the future.
3.4.
Correlation of circulating irisin with anthropometric, hormonal, and metabolic parameters 3.4.1. Cross-sectional study of healthy subjects Table 1A summarizes the demographic, anthropometric, metabolic, and hormonal parameters of 117 middle-aged women. The range in BMI was 20.0 to 47.7 kg/m 2 , including 13 lean subjects with BMI lower than 25 kg/m 2 . The range in age was 24 to 69 years old. Subjects had a mean plasma irisin concentration of 113.1±20.6 ng/ml, ranging from 50.7 to 166.5 ng/ml.
To evaluate potential predictors of the circulating irisin, we performed bivariate regression analysis of circulating irisin and the anthropometric, metabolic, and hormonal factors (Table 2A) . As expected, age was negatively correlated with BMI, fat-free mass, and body fat content. BMI showed positive correlations with biceps circumference, fat-free mass, body fat, and waist-to-hip ratio (WHR). Logarithmically transformed adiponectin levels showed significant negative correlation with body composition or metabolic markers such as BMI, body fat, and WHR and positive correlation with HDL cholesterol. Also, an inverse correlation between age and estradiol levels was observed (Table 2A) . These expected associations largely confirmed the validity of our observations. Correlation of irisin levels with anthropometric parameters revealed that circulating irisin had positive associations with biceps circumference, fat-free mass, and BMI (Table 2A and Fig. 3 ). In contrast, age was negatively associated with irisin levels (Fig. 3B) . WHR and body fat in kilograms were not associated with circulating irisin levels in these subjects (Table 2A) .
Log adiponectin concentration was negatively correlated with irisin levels whereas the estradiol concentration was positively correlated with the irisin concentration (Table 2A and Fig. 4A ). Significant positive associations of circulating irisin with growth hormones including ghrelin and IGF-1 were also found (Table 2A and Fig. 4B ). In terms of metabolic variables, irisin was positively correlated with serum glucose and inversely correlated with total and HDL cholesterol (Table 2A , Fig. 4C , and D). LDL cholesterol and triglyceride levels were not associated with irisin. In addition, we found no association of irisin with cortisol and free testosterone (Table 2A) .
These bivariate associations cannot be considered at face value, since they are not free from confounding. To adjust for potential confounders of the circulating irisin concentration, we performed multivariate linear regression analysis. As shown in Table 3 , adjustments for age, menopausal status, smoking status, estradiol levels, fat-free mass, and biceps circumference were made. Significant correlations of irisin with adiponectin, ghrelin, glucose, and HDL cholesterol levels persisted after adjustment for age, menopausal status, and smoking status but were lost when adjusted for estradiol levels and, importantly, biceps circumference. This suggests that muscle mass is the main predictor of the circulating irisin concentration in human subjects and underlies its association with metabolic variables.
Cross-sectional study of bariatric surgery subjects at baseline
Pre-operative demographic, anthropometric, metabolic, and hormonal parameters of subjects enrolled in a study on bariatric surgery are presented in Table 1B . The BMI levels were over 37 kg/m 2 with 79.6% being over 40 kg/m 2 . Subjects had a mean serum irisin concentration of 112.7±32.2 ng/ml, ranging from 74.7 to 151.2 ng/ml. Circulating levels of irisin appeared to be higher in women than in men (126.9±44.9 vs 102.0±13.5 ng/ml) but the difference did not achieve statistical significance (p=0.39).
To further investigate the potential association of irisin levels with various markers, we conducted a cross-sectional analysis among the subjects at baseline. Correlation analysis matrix confirmed many of our findings in the cross-sectional study of women, albeit with non-significant p values, possibly due to the small size of the study group (Table 2B) . Again, irisin was negatively associated with age but, in relation to body composition parameters, there were no significant outcomes. Insulin was positively linked with irisin, suggesting the potential involvement of irisin in insulin-related metabolic pathways. However, there was lack of association between irisin and fasting glucose (data not shown), apparently due to the small number of subjects. Similar to the cross-sectional results from healthy subjects, serum adiponectin was negatively associated with irisin, although this association did not reach significance.
3.5.
Interventional study on bariatric surgery subjects
We then examined the effect of bariatric surgery-induced weight loss on circulating irisin levels. BMI was significantly decreased 6 months after surgery (Fig. 5A, ) and, as expected, this was associated with decreased insulin and leptin levels ( Fig. 5C and D) [18, 19] . Interestingly, bariatric surgery-induced weight loss resulted in significant decrease in circulating irisin levels (Fig. 5E , 112.7±32.2 vs 98.6±22.1 ng/ml), along with a tendency to decrease in fat-free mass (Fig. 5B) . The statistical significance of the decrease in circulating irisin level was lost when adjusted with fat-free mass (p=0.48), consistent with its association with biceps circumference observed in the cross-sectional study. In parallel, FNDC5 mRNA levels in muscle were significantly reduced (Fig. 5 F) , confirming the connection between muscle irisin expression and its circulating concentration.
3.6.
Effects of acute and chronic exercise on circulating irisin levels of young healthy subjects Correlation analysis between circulating irisin and muscle metabolite contents in young healthy subjects before exercise ( Table 4 ), showed that irisin has a positive, but not significant due to small numbers, correlation with ATP. To assess the effect of exercise, we analyzed circulating irisin levels, before and after 2 or 3 sets of double sprints at first week and after 8 weeks of training, as described in the methods. As previously reported [15] , analysis of muscle metabolite contents at week 1 showed that ATP levels were acutely decreased in response to exercise, along with decreased phospho-creatine levels (57.8±3.4 vs 31.8±3.5, mean±SE, p<0.01), and increased creatine, glucose, glucose-6-phosphate, glycerol-3-phosphate, fructose-6-phosphate (0.9±0.3 vs 1.9±0.3, p=0.02), and lactate (Fig. 6 ). There were no effects on pyruvate (2.6±0.5 vs 3.7±1.1, p=0. decrease in muscle ATP and also glucose and glycerol-3-phosphate levels, whereas lactate, creatine, glucose-6-phosphate, and fructose-6-phosphate levels showed similar increases after the sprints. Interestingly, similar to ATP, irisin levels remained unchanged by exercise after 8 weeks of training (420.3±32.7 vs 435.1 ±38.5, p=0.5).
Correlation between changes in irisin concentrations with changes in muscle metabolite contents in week 1 showed strong in magnitude but non-significant, correlations between circulating irisin and ATP, ADP, and lactate(data not shown), suggesting a relationship between circulating irisin expression with ATP levels and muscle metabolism after exercise. The fact that circulating irisin concentrations increased significantly when ATP levels in muscle dropped but remained unchanged when the ATP remained unchanged, apparently due to conditioning with continued participation in the prescribed exercise regimen, suggests that defective metabolism in muscle may represent a strong signal for irisin secretion.
Discussion
Irisin is a novel myokine, an extracellularly cleaved and, possibly, post-translationally modified, product of the transmembrane protein transcribed from the FNDC5 gene [10] . FNDC5 overexpression in mice, resulting in several fold increased irisin levels in the circulation, has been shown to induce browning and to increase thermogenic function of subcutaneous white adipose tissue and to improve glucose homeostasis [10] . FNDC5/irisin levels are induced by PGC1-α and exercise in mice [10] , and thus it has been suggested that irisin could prove to be a therapeutic agent against metabolic disease [20] . However, the beneficial role of irisin has been challenged [13] on the basis of gene expression data showing no consistent increase in FNDC5 mRNA in response to exercise training in humans.
Here, we present the first study on the distribution of FNDC5 expression in human tissues. We also provide, for the first time, a detailed evaluation of assays to measure circulating FNDC5 and irisin levels and report that although FNDC5 is largely undetectable, irisin is detectable and correlates closely with muscle mass, as expressed by fat-free mass or biceps circumference, in humans. We failed to find direct evidence supporting a beneficial role for irisin in metabolic regulation in humans, in agreement with the findings by Timmons et al., who used Affymetrix array data in relation to BMI, fasting insulin, fasting glucose, and 2-h post-glucose load glucose levels [13] . We also extend these previous findings by systemically analyzing the anthropometric, hormonal, and metabolic parameters of subjects in association with circulating irisin levels in subjects with a wide range of BMI and fat mass using both cross-sectional and interventional studies, and we study irisin gene expression in muscle in the context of an interventional study. Finally, we show for the first time that acute exercise can increase the irisin concentration in human serum.
Tissue distribution analysis has confirmed that FNDC5 gene is predominantly expressed in human muscles. By relatively high expression also shown in pericardium, intracranial artery, and rectum, FNDC5 is likely to be expressed not only in skeletal muscles but also in cardiac and smooth muscles. Low expression of FNDC5 mRNA was observed in major organs such as kidney, liver, lung, and fat. Although subcutaneous white adipose tissue has been suggested to be largely affected by irisin [10] , the expression of FNDC5 gene in fat was about 1/100 of expression in muscle, which implies that the effect of irisin on adipose tissue is probably endocrine in nature. The distinct possibility exists that after being released into the circulation, irisin may have endocrine actions by binding to cell surface receptor(s) yet to be discovered. Irisin may also have paracrine and autocrine actions.
We found significant correlations between FNDC5 and PGC1-α mRNA levels in human muscle, which suggests that, similar to mice [10] , PGC1-α is the major factor for irisin regulation in humans. PPARγ and PGC1-α are both induced by physical training in human muscle [21] . Therefore, irisin could also be partly regulated by PPARγ activity. In our study, there was a marginal correlation between PPARγ and FNDC5 mRNA levels, which may become significant with larger data groups. In human subcutaneous fat, PGC1-α and PPARγ mRNA levels are also upregulated by physical training [21] , and deficiency in adipose tissue PGC1-α in mice leads to systemic insulin resistance. Although irisin is expressed in low levels in fat (  Fig. 1) , further studies are needed to find the underlying mechanism in regulation of FNDC5 expression in muscle as well as its role in adipose tissue.
To gain insights into the predictors and physiological regulation of circulating irisin at the whole organism level, we conducted cross-sectional and interventional studies. Correlation analysis between circulating irisin levels and anthropometric parameters showed that age-related muscle loss leads to lower irisin levels in blood (Fig. 3 and Table 2A ). A Table 3 -Multivariate regression analysis of anthropometric, hormonal, and metabolic factors in relation to circulating irisin levels in the cross-sectional study on healthy subjects. strong positive correlation between irisin and biceps circumference, a marker of muscle mass, persisted after adjusting for age, menopausal status, smoking, estradiol levels, and fat-free mass, indicating that muscle mass is the main predictor of circulating irisin levels in humans (Fig. 3 , Table 3 ). Considering that reduction in BMI leads to restoration of metabolic balance including decreased leptin and insulin levels ( Fig. 5A-D) , one would expect irisin levels to be increased by bariatric surgery-induced weight loss if it is to mediate such beneficial effects on metabolism. In this study, circulating irisin levels as well as muscle FNDC5 gene expression were significantly downregulated 6 months post-operation ( Fig. 5E and F) . Although fat-free mass did not change significantly, adjustment for changes in fat-free mass rendered the significant decrease of irisin concentrations null suggesting that the latter may simply reflect changes in muscle mass. Whether decreasing FNDC5 gene expression and circulating irisin levels are due to decreasing, albeit non-significantly, muscle mass, or whether surgically induced weight loss has a direct effect to reduce irisin levels remains to be confirmed and conclusively shown by future larger studies. In any case, the decreasing irisin concentrations cannot be directly responsible for the increasing energy expenditure and improvement of insulin resistance observed in response to weight loss or the improved metabolic profile after bariatric surgery [18, 19, 22] . Additional factors that were significant predictors of circulating irisin herein included ghrelin and IGF-1. Ghrelin is known to stimulate the release of growth hormone (GH) from the pituitary gland and thus mediate the growth of muscle mass and breakdown of fat [23] . In addition to its direct effects, GH stimulates secretion of IGF-1, which conveys growth actions in the periphery [24, 25] . In our cross-sectional study in healthy women, irisin was positively correlated with ghrelin, IGF-1 and the IGF-1/IGFBP-3 ratio, implying that growth hormones may be responsible for the secretion of irisin through a positive effect on muscle mass and/or beyond their effect to increase muscle mass, as indicated by our multivariable models. Estradiol and testosterone also induce protein anabolism in muscle [26, 27] . In healthy women, estradiol levels were significantly and positively correlated with circulating irisin levels. Estradiol may either directly induce irisin secretion or act through anabolic pathways to increase muscle mass and upregulate irisin or simply mediate the effects of aging, since estradiol levels decrease with advanced age. Decrease in anabolic steroids during aging results in decreased muscle mass [28] and, therefore, the negative correlation of irisin with age can also be explained by age-induced muscle loss. Whether testosterone, along with the aforementioned hormones, has similar effects on irisin needs to be investigated in future interventional studies. In obese subjects undergoing bariatric surgery, irisin levels were higher in females compared to males, although not significantly, implying that the physiological role of irisin may differ by gender.
To our surprise, circulating adiponectin levels were inversely correlated with irisin levels; moreover, irisin had positive correlations with glucose, total cholesterol, and several GHs (Table 2A and Fig. 4) . The fact that the circulating irisin levels are positively associated with hormones and parameters reflecting dysregulated metabolism may suggest a compensatory role for irisin in response to deterioration of insulin sensitivity and glucose/lipid metabolism. Increased irisin in response to low adiponectin levels observed in central obesity may create a positive feedback on metabolic enzymes to consume more energy in adipocytes. In the previous study [10] , adiponectin was also decreased by FNDC5 treatment in primary subcutaneous adipocytes. Although the authors did not suggest any possible mechanism for this phenomenon, it is possible that irisin may exert a direct effect on white adipocyte metabolism other than browning of subcutaneous adipose tissue. This important topic needs to be clarified by future interventional studies.
The interventional studies we report herein have unveiled the effect of acute exercise and drastic weight loss by bariatric surgery on irisin levels. As shown in Fig. 6 , acute sprint training, an anaerobic exercise, induced ATP deprivation followed by activation of glycolysis for prompt ATP resynthesis. Circulating irisin levels were relatively higher in these young healthy adults compared to other populations shown in this study, and an increase in the serum irisin concentration was observed in as little as 30 min after the end of exercise, but not after 8 weeks of training. These data raise the hypothesis that when the ATP concentration in muscle is decreased, irisin production is upregulated. Whether increased secretion of irisin contributes to enhanced ATP production through glycolysis and lipolysis in mitochondria remains to be seen. Thus, irisin may have a short term effect to restore ATP homeostasis but may return to baseline soon after ATP levels are restored. This hypothesis remains to be tested by time course experiments after acute and chronic aerobic and anaerobic exercise. Moreover, any effects of physiological concentrations of irisin, possibly through PGC1-α/AMPK axis, on ATP production by adipocytes Table 4 Correlation matrix of the study variables in young healthy subjects at week 1 at baseline (Pearson's coefficient). Irisin concentrations were measured in serum and metabolites were measured in muscle.
rand p-values are shown with significant correlations in bold.
or myocytes should be directly tested in the future. If these hypotheses are confirmed, the role of irisin may prove to be no different than that of other myokines, such as IL-6, which increase immediately after exercise to regulate thermogenesis and metabolism but are negatively associated with metabolic variables in the long term [29] . In any case, if the proposed beneficial effects of irisin are proven, the distinct possibility exists that irisin could be synthesized using recombinant DNA technology and tested as a possible novel therapeutic agent for metabolic disorders including diabetes and obesity associated malignancies [30] . This study strongly demonstrates clinically significant associations of circulating irisin and muscle irisin expression with anthropometric, metabolic, and hormonal parameters to gain a wide perspective on the physiological role of irisin in humans. As much as our study has provided valuable and novel information about irisin, it has also opened the door to many questions yet to be answered. The causality of the observed associations between study parameters should be more intensively studied in prospective cohort and interventional studies. Identification of the receptor system for irisin and relevant signaling pathways is necessary to advance an in-depth understanding of irisin in humans.
In summary, we have presented molecular and clinical data from cross-sectional and interventional studies to elucidate the physiology of irisin in humans, and we have demonstrated that muscle mass is the primary predictor of the circulating irisin concentration, underlying the association between irisin and metabolic factors. Circulating irisin levels increased in response to acute exercise and decreased after surgically induced weight loss. Further studies are needed to discover the mechanisms underlying the regulation of irisin levels as well as its physiological effects in humans. 
